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An important determinant of crop yields is the regulation of photosystem II (PSII) light harvesting
by energy-dependent quenching (qE). However, the molecular details of excitation quenching have
not been quantitatively connected to the PSII yield, which only emerges on the 100 nm scale of the
grana membrane and determines flux to downstream metabolism. Here, we incorporate excitation
dissipation by qE into a pigment-scale model of excitation transfer and trapping for a 200 nm
× 200 nm patch of the grana membrane. We demonstrate that single molecule measurements
of qE are consistent with a weak-quenching regime. Consequently, excitation transport can be
rigorously coarse-grained to a 2D random walk with an excitation diffusion length determined by
the extent of quenching. A diffusion-corrected lake model substantially improves the PSII yield
determined from variable chlorophyll fluorescence measurements and offers an improved model of
PSII for photosynthetic metabolism.
Plants fix ∼60 petagrams of carbon every year [1] and
are an essential food source. Roughly two-thirds of har-
vested global crop calories come from four crops [2] and
optimizing yields to feed the growing population is an im-
portant goal. Predicting how photosynthetic metabolism
and crop yield change in response to genetic and environ-
mental perturbations constitutes a grand challenge for
science. Though much has been learned about the molec-
ular mechanisms of light harvesting and charge separa-
tion, using this knowledge to create a tractable but rig-
orously defined multiscale model at the membrane level
remains a complex challenge. In this paper we build on
our earlier models of energy transport in photosystem II
of plants [3, 4] to create a model of the rapidly reversible
portion of plants’ response to excess light in a 200 nm ×
200 nm patch of the grana membrane. In doing so we
are able to identify a single variable, the excitation dif-
fusion length, which controls the response of plant light
harvesting systems to rapid changes in light level. This
regulatory system is important for plant fitness [5] and
crop yield [6].
Nonphotochemical quenching regulates photosystem II
(PSII) light harvesting by dissipating excess absorbed
sunlight in the pigment-protein complexes that serve as
antenna. In dim sunlight a photon absorbed by an an-
tenna complex results in a nascent excitation that is
efficiently delivered to a reaction center (RC), where
charge separation converts the excitation energy to chem-
ical energy. The fraction of excitations that result in
productive charge separation (ΦPC, photochemical yield,
Fig. 1A) is ∼83% in optimal conditions [7]. A brief pe-
riod of intense light, or sunfleck [8], results in a tran-
sient increase in the flux of photochemistry at the reac-
tion centers. Consequently the pH gradient across the
∗These authors contributed equally to this work.
thylakoid membrane increases, and the fraction of open
reaction centers available for performing charge separa-
tion decreases. In response to the increased pH gradi-
ent, the largest, rapidly reversible component of NPQ,
qE (energy-dependent quenching), activates, and specific
pigment sites dissipate excitation energy in the antenna.
By decreasing the flux of excitation that reaches the re-
action centers, qE increases the fraction of open RCs and
decreases the fraction of excitations that damage closed
reaction centers momentarily occupied with charge sep-
aration [5, 9]. In this fashion qE optimizes the balance
between the energetic benefit of photochemistry and the
metabolic cost of reaction center damage, while meeting
the demands of downstream reactions such as CO2 fixa-
tion [10, 11]. Quantifying the net metabolic benefit of qE
thus requires an accurate description of how it influences
the photochemical yield (ΦPC).
The key challenge to establishing a quantitative re-
lationship between qE and the photochemical yield
(ΦPC) is reconciling events occurring on the nano- and
mesoscale. While qE acts on the pigment scale (Fig. 1C),
the photochemical yield is the result of all productive
charge separation events occurring at open reaction cen-
ters across the thylakoid membrane (Fig. 1A-B). Looking
from the nanoscale up, several different pigment sites and
photophysical mechanisms of quenching in the antenna
complexes have been proposed [12], and it remains un-
clear how these details influence the photochemical yield.
From the top down the photochemical yield is determined
by applying phenomenological (‘lake’ and ‘puddle’) mod-
els [13] to the chlorophyll fluorescence yield (Fig. 1A, ΦFl)
of a leaf exposed to fluctuating light [7, 14]. However, it
remains unclear how well these models describe the in-
teraction between qE and PSII light harvesting because
they neglect any of the molecular details of quenching as
well as the excitation transport that occurs across tens
of nanometers in the thylakoid membrane [3, 4]. Thus,
a multiscale model is required to explicitly calculate the
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2photochemical yield from the light harvesting dynamics
of a PSII membrane containing ∼50,000 pigments in the
presence of qE. Such a model could reveal simplifying
principles at the mesoscale that connect qE to the pho-
tochemical yield.
In this paper, using a pigment scale model of excita-
tion energy transfer and quenching, we show that the
excitation diffusion length is the key degree of freedom
connecting the molecular mechanism of qE quenching
to PSII yields. Using available single-molecule spec-
troscopic data, we show that qE occurs in the weak-
quenching regime. As a result, qE simply modulates
the extent of 2D diffusion via the excitation diffusion
length to control how much excitation reaches the re-
action centers. The commonly used lake and the pud-
dle models inadequately describe the influence of qE on
the photochemical yield of PSII because they assume a
constant excitation diffusion length. However a straight-
forward diffusion correction to the lake model substan-
tially improves its ability to relate the excitation diffu-
sion length and the fraction of open reaction centers to
the photochemical yield. We believe that this rigorous
coarse-graining of PSII light harvesting will prove useful
for quantitatively connecting the molecular mechanisms
of individual complexes to their functional role in photo-
synthetic metabolism and growth.
Results
A. Emergence of 2D diffusive excitation transport.
The modeling of ultrafast spectroscopic data of
pigment-protein complexes isolated from the thylakoid
membrane has revealed a great deal about the mecha-
nisms of excitation energy transport between pigments
[17]. However, the functional role of antenna proteins,
to deliver excitations to reaction centers, only emerges
on the length scale of the intact thylakoid membrane
(∼100 nm). In vivo, a nascent excitation transfers
across the PSII-enriched portion of the thylakoid (PSII)
membrane (Mesoscopic, Fig. 1B) through a dense net-
work of protein-bound chlorophylls predominately asso-
ciated with the major light harvesting complex II trimers
(LHCII, Fig. 1C) and PSII supercomplexes (Fig. 1C) un-
til it reaches the reaction center where charge separation
takes place. Therefore to understand the connection be-
tween excitation transfer in antenna proteins and charge
separation at reaction centers requires understanding the
emergent properties that characterize excitation dynam-
ics at the mesoscale.
While there are currently no spectroscopic techniques
for characterizing excitation transport in PSII on the 100
nm length scale, we have previously combined structural,
spectroscopic, and biochemical data to build a multiscale
model of PSII light harvesting [3, 4]. The model treats
excitation transport between domains of ∼3-4 tightly
coupled chlorophylls using Generalized Fo¨rster theory
Figure 1: The multiple scales of PSII light harvest-
ing. (A) The photosynthetic output of a leaf is affected by
the quantum yields of the different decay pathways for ex-
citation in PSII: productive photochemistry in the reaction
centers, ΦPC; emission as fluorescence, ΦFl; loss due to non-
radiative decay, Φloss; and dissipation by activated quenching
sites, ΦqE. (B) Photosystem II harvests sunlight across the
mesoscopic (∼100s of nm) thylakoid membrane. It consists
of photosystem II supercomplexes (pills) and major light har-
vesting complex II trimers (LHCII, circles). The filled black
circles indicate closed reaction centers. The shaded circle with
a radius equivalent to the excitation diffusion length (LD = 50
nm) indicates the spatial extent of excitation transport from
an initial excitation at the center of the circle. (C) The mul-
tiscale model is composed of the crystal structures for PSII
supercomplexes [15] and unbound LHCII [16]. The PSII su-
percomplex is a dimer, with each monomer containing one
RC, and a pair of core antenna proteins (CP43 and CP47),
a pair of minor LHCs (CP26 and CP29) replaced by LHCII
monomers, and a strongly bound LHCII (LHCII-S). The pig-
ments are indicated in light green, and the surrounding pro-
tein scaffold in gray. (D) Energy transfer (black arrows) is
described using Generalized Fo¨rster theory between domains
of ∼3-4 tightly coupled chlorophylls (colored pigments).
[3, 18, 19] (Fig. 1C, Excitation Transport, domains indi-
cated by colors), with Hamiltonian parameters extracted
from spectroscopic measurements of isolated pigment
protein complexes and the interaction of pigments in dif-
ferent proteins treated as dipole-dipole coupling. Gen-
eralized Fo¨rster provides the most coarse-grained model
of energy transfer that correctly reproduces the dynam-
3ics from more quantum-mechanically exact simulations
[20, 21]. With a simple kinetic model for charge sepa-
ration parametrized on data of isolated PSII supercom-
plexes with variously sized antenna [3] and a method to
get positions for LHCIIs and PSII supercomplexes in a
200 nm × 200 nm patch of the PSII membrane [22], we
simulated data taken on an intact membrane. Our model
reproduces [4], in the absence of free parameters, (i) the
photochemical yield of dark acclimated leaves as mea-
sured by chlorophyll fluorescence yield, (ii) the chloro-
phyll fluorescence lifetime measured on intact membranes
when all reaction centers are open (Fig. 2D, red), and (iii)
the hyperbolic shape of oxygen evolution as a function of
the fraction of open reaction centers as measured origi-
nally by Joliot and Joliot in 1964 [23].
In the model, following an initial excitation, the vari-
ance of the population distribution increases linearly in
time, which supports two-dimensional diffusive transport
as an emergent property on the mesoscale [4]. This effec-
tive dimensionality agrees with an alternative approach
which fit fluorescence data to a fractional dimensional
(d) random walk and found a value of approximately 2
(d = 1.9 for intact thylakoid membranes and 2.2 for BBY
preparations) [24]. The diffusive transport is character-
ized by an excitation diffusion length through the an-
tenna pigments (LD, Fig. 1B) of 50 nm [4]. LD is defined
here as the minimum net displacement in one dimension
achieved by 37% of the excitation population when all re-
action centers are closed. The high quantum efficiency of
PSII in dim light condition (>80%) and the hyperbolic
shape of oxygen evolution as a function of the fraction
of open reaction centers are explained by the large num-
ber of reaction centers within 50 nm radius of an initial
excitation (Fig. 1B).
B. qE controls the excitation diffusion length.
As an A. thaliana leaf acclimates to a sudden expo-
sure to bright light (Fig. 2A, 1200 µmol photons m−2
s−1), the average chlorophyll fluorescence lifetime when
all RCs are closed decreases from ∼2000 ps to ∼550 ps
over the course of 10 minutes (Fig. 2A and D). Under-
lying this chlorophyll fluorescence quenching is the acti-
vation of numerous quenching sites across the membrane
(Fig. 2B, blue dots), a process which is collectively known
as energy-dependent quenching (qE). The activation of
qE is the result of a conformational change in antenna
proteins (Fig. 2C) in response to a growing pH gradient
across the PSII membrane. Since both the photophysical
mechanism of quenching and the identity of the pigments
that constitute the quenching site remain controversial
[12], it has been difficult to establish how qE influences
excitation transport and light harvesting in PSII.
In dark-acclimated leaves our model predicts 2D diffu-
sive transport, but the kinetic competition between qE
quenching and transfer out of an activated site could
change the emergent excitation dynamics. In particu-
Figure 2: The diffusion length defines the excitation
dynamics in the presence of weak quenchers. (A)
The average fluorescence lifetime when all reaction centers
are closed of a wild type A. thaliana leaf exposed to a dark-
light-dark sequence. The black and blue dots represent the
correspondingly colored fluorescence lifetime decays (solid
lines) in D. (B) The PSII membrane in a representative qE
configuration underlying the corresponding measurement in
(A). The filled black circles indicate closed reaction centers
while the blue dots indicate activated quenching sites using
the LHCII 610-612 domain. The reduction of excitation
diffusion length (LD) by quenching sites is shown. (C)
Model for quenching. An antenna complex monomer is
treated as a two-state switch, with a probability PqE of the
quenching site (domain) having a time scale of quenching
τqE. (D) Simulation (dotted lines) of fluorescence lifetime
measurements (solid lines) taken on intact membranes or
leaves in different states. Red indicates a state of open
reaction centers with no qE, black indicates closed reaction
centers with no qE, and blue indicates closed reaction centers
with qE induced by exposure for 6.5 min to 1200 µmol
photons m−2 s−1 light. Open RC data is from ref. [25] and
closed RC data from ref. [26]. (E) Contour plot of excitation
diffusion length (LD) as a function of τqE and PqE. The blue
area indicates an LD of 25 ± 2.5 nm, in agreement with the
best fit chlorophyll fluorescence lifetime measurements.
lar, if the rate of quenching greatly exceeds the rate of
transfer out of the quenching site then excitation density
will locally deplete and the overall process of transport
4can no longer be completely described by 2D diffusion.
We will refer to this scenario as the ‘strong quenching’
regime. On the other hand, if the rate of quenching is
much slower than the rate of transport out of the quench-
ing site then excitation can exchange with neighboring
pigments on the timescale of population loss and no lo-
cal depletion occurs. We will refer to this scenario as the
‘weak quenching’ regime. Thus a homogeneous distribu-
tion of weak quenchers across the membrane will cause
a decrease in the excitation diffusion length but will not
distort the population transport mechanism from the 2D
random walk observed for dark-acclimated leaves.
To determine whether qE occurs in the strong or weak
queching regime, we turned to recent single molecule flu-
orescence lifetime data on quenched PSII supercomplexes
by Gruber, et al. [27]. Using our structure-based model
of energy transfer in PSII supercomplexes [3], we could
estimate the timescale of quenching at a thermally pop-
ulated domain that is consistent with the 50 ps timescale
extracted by Gruber et al. [27] (Supplementary text).
Assuming the quenching site is the lowest energy Chl610-
612 domain of LHCII (LHCII-610) [28, 29], we estimate
the underlying timescale of quenching (τqE) to be 20 ps
(Supplementary text, Table S1; Fig. 2C, τqE ≈ 20 ps).
This timescale is in good agreement with semi-empirical
calculations of quenching by transport from the LHCII-
610 domain to the adjacent lutein (τqE ≈ 30 ps) [30]. The
20-30 ps timescale of quenching at the LHCII-610 domain
is slow compared to the ∼3 ps timescale on which excita-
tion transport exits that domain (Supplementary text).
As a result, only a small fraction (∼10%) of excitation
is dissipated during a single visit to an active quenching
site, which indicates that LHCII-610 is a weak quencher.
The same conclusion is reached when assuming either
of the other proposed qE quenching sites (Supplemen-
tary text, Table S1): the Chl610-612 domain of the mi-
nor light harvesting complexes (mLHC-610) [31, 32] or
the Chl601,608,609 domain of LHCII (LHCII-608) [33].
The fluorescence lifetimes measured on single quenched
LHCII complexes are also consistent with a weak quench-
ing regime [33]. Taken together, current single molecule
evidence supports a weak quenching model of qE for all
proposed quenching sites.
Our simulations confirm that excitation transport re-
mains a 2D diffusive process in presence of weak qE
quenchers and predict that the excitation diffusion length
in the PSII membrane decreases from 50 nm to 25 nm
during bright light acclimation of an A. thaliana leaf. We
simplified the multiple states observed in single-molecule
measurements [29, 33] to a two-state switch model for
light harvesting proteins. A quenching site has a proba-
bility (PqE) of being bound in a conformation in which
there is an additional decay pathway with a timescale
of τqE (Fig. 2C). We scanned PqE between 0 and 1 and
τqE between 10 ps and 100 ps to explore any dependence
on the specific rate and density of quenchers. Consis-
tent with the weak quenching picture, the fluorescence
lifetime measurements [26] on light-adapted wild-type
A. thaliana leaves (blue line, Fig. 2D) can be equiva-
lently described by a wide range of (τqE, PqE) values
with the LHCII-610 site (blue dots, Fig. 2D and blue
area, Fig. 2E). These equivalent decay curves all corre-
spond to (τqE, PqE) combinations that give rise to an ex-
citation diffusion length (LD) of 25 nm (Fig. S2C). The
other proposed sites of quenching are equally capable of
reproducing the fluorescence lifetime measurements but
with different (τqE, PqE) values (Fig. S2A). The resulting
excitation diffusion length (LD), however, remains 25 nm
(Fig. S2B). The decreased LD in the presence of qE com-
pletely characterizes, when RCs are closed, the fraction
of excitation emitted from chlorophylls as fluorescence,
lost to inter-system crossing, and quenched by the ac-
tivated quenching sites (Fig. S2D). Thus, the influence
of a uniform distribution of weak qE quenchers can be
encapsulated by the decrease in the excitation diffusion
length (blue area, Fig. 2B).
C. Influence of a variable excitation diffusion
length on photochemical yield.
We have established that qE modifies the excitation
diffusion length in the PSII membrane and that this con-
trol parameter is invariant to the precise site of quench-
ing. How does the change in the excitation diffusion
length (LD) influence the trapping of excitation at open
reaction centers? We note that unlike qE quenching sites,
RCs are strong quenchers and the net process of excita-
tion transport in the presence of open RCs is described
by the combination of LD and the fraction of open RCs
(fRC).
Changes in LD affect both the extent to which reac-
tion centers compete with each other for excitations and
the fraction of excitations that are available to reaction
centers. Competition between reaction centers is the ori-
gin of the hyperbolic dependence of the photochemical
yield (ΦPC, i.e. the fraction of excitations reaction cen-
ters convert to chemical energy by charge separation)
on the fraction of open reaction centers (fRC) originally
measured by Joliot and Joliot [23]. The decrease in the
fraction of excitations available to reaction centers arises
from quenching by active qE sites that are spatially sep-
arated from open reaction centers. As excitation diffuses
through the membrane, it can be quenched prior to reach-
ing the first reaction center or between visits to reaction
centers. The average antenna size of a reaction center
(σPC, i.e. the photochemical cross-section, Supplemen-
tary text), encapsulates both the effects of competition
between reaction centers and the reduction in available
excitations due to qE
σPC(LD, fRC) =
ΦPC(LD, fRC) ·NChlA
NRC · fRC , (1)
where NRC and NChlA are the number of RCs and chloro-
phyll A in the membrane, respectively, ΦPC is the photo-
chemical yield, and fRC is the fraction of open RCs. We
5measure the antenna size by the number of chlorophyll
A equivalents from which the average RC will harvest
energy. When LD is very large, we expect the average
antenna size of reaction centers in PSII (σPC) to be large
but constrained by the competition between open reac-
tion centers.
When a single reaction center is open, the average an-
tenna size for reaction centers (σPC) decreases from ∼400
to ∼100 as the excitation diffusion length (LD) goes from
50 nm to 19 nm. Note that when LD = 19 nm, the aver-
age RC antenna size is smaller than that expected for a
reaction center in an isolated PSII supercomplex in the
absence of qE. This points to the critical role of entropy
in light harvesting by the PSII membrane: while the iso-
lated PSII supercomplex contains many fewer pigments
than a 19 nm radius on the membrane, in the membrane
many excitations will wander away from the open reac-
tion center rather than lingering close as they must in
an isolated PSII supercomplex. As the number of open
reaction centers increases, the average reaction center an-
tenna size (σPC) will decrease due to competition (black
line, Fig. 3A). Reaction centers compete most when the
excitation diffusion length is longest (LD = 50 nm), as
seen by the steep decrease of the average RC antenna
size from ∼400 to ∼100 ChlA when going from 1 open
reaction center to all reaction centers open. When the ex-
citation diffusion length is much shorter (LD = 19 nm),
reaction centers are much closer to independent and only
a small change in the average reaction center antenna
size is observed between 1 reaction center open and all
reaction centers open. These relationships between pho-
tochemical yield and fraction of open reaction centers de-
pend solely on the excitation diffusion length, and does
not vary with different sites of quenching (Fig. S2E, Sup-
plementary text).
D. Coarse-grained model of PSII light harvesting.
Having established that qE regulates PSII light har-
vesting by adjusting the excitation diffusion length (LD)
we now explore how this mesoscopic behavior influences
the accuracy of coarse-grained models that are used
for (i) interpreting the measurements of variable chloro-
phyll fluorescence and (ii) describing PSII light har-
vesting in longer length scale simulations of photosyn-
thetic metabolism. The correct interpretation of variable
chlorophyll fluorescence measurements of leaves is critical
to measuring changes in the state of PSII during bright
light adaptation [35], which is often used as an indicator
for photosynthesis as a whole [36]. Likewise, simulating
photosynthetic metabolism as a whole requires an effi-
cient description of how qE regulates PSII light harvest-
ing and the resulting flux to downstream reactions [37].
Thus, a quantitative understanding of the fitness bene-
fits of qE in vivo requires a coarse-grained model of PSII
light harvesting that accurately captures the influence of
a variable excitation diffusion length.
The lake and puddle models have been widely used
since the 1960s [13, 38] to describe PSII light harvesting
in the presence of qE, but they coarse-grain over the spa-
tial aspects of competition. In particular, both models
assume that the fraction of excitation available to reac-
tion centers is the same as qE activates (i.e. the excita-
tion diffusion length LD is independent of qE). The lake
and puddle models differ, however, in their assumptions
about the form of competition between reaction centers.
The lake model assumes that all open reaction centers
compete equally for each excitation, corresponding to
LD → ∞ and an inverse relationship between photo-
chemical cross-section and the fraction of open reaction
centers (Supplementary text). On the other hand, in
the puddle model LD is assumed to be sufficiently short
that no reaction centers compete, and thus photochem-
ical cross-section is independent of the fraction of open
reaction centers (Supplementary text).
What are the implications of a changing excitation dif-
fusion length on the interpretation of chlorophyll fluores-
cence using the lake and puddle models? For the coarse-
graining of PSII light harvesting for metabolic models?
In the following, we use the chlorophyll fluorescence sim-
ulated with the multiscale model of PSII to calculate the
average RC antenna size (Fig. 3A), the fraction of open
RCs (Fig. 3B), and the photochemical yield (Fig. 3C)
determined by the lake and puddle models (Supplemen-
tary text). These results assess the extent to which the
lake and puddle models can recapitulate the multiscale
simulation.
Both the lake and puddle models fail to describe the
changes in the competition between reaction centers due
to a variable excitation diffusion length. The lake model
(Fig. 3A, red dashed line) shows good agreement with the
multiscale model when the excitation diffusion length is
long (LD = 50 nm), but overestimates the average an-
tenna size when the diffusion length decreases. On the
other hand, the absence of competition between reaction
centers in the puddle model (Fig. 3A, blue dashed line)
provides a reasonable description when LD = 19 nm, but
not when LD = 50 nm. Furthermore, neither coarse-
grained model captures the photochemical cross-section
(σPC) in the intermediate regime appropriate for qE in
wild type A. thaliana exposed to 1200 µmol photons m−2
s−1 for 10 minutes (Fig. 2D,E). The puddle model per-
forms poorly compared to the lake model for determining
the fraction of open reaction centers across the physio-
logical range of excitation diffusion lengths (Fig. 3B) be-
cause the dimeric structure of PSII supercomplexes en-
sures that reaction centers always experience some com-
petition.
In keeping with the assumption that all excitations
are available to reaction centers, both the lake and pud-
dle models overestimate the photochemical yield (ΦPC)
in the presence of qE. The vertical offset of the photo-
chemical cross-section (σPC) when all reaction centers are
open (fRC = 1) and LD = 19 nm (Fig. 3A, right, in-
set) represents a ∼30% error in the photochemical yield
6Figure 3: Lake and puddle models do not capture a variable excitation diffusion length. We used the chlorophyll
fluorescence simulated with the multiscale model of PSII to calculate photochemical cross-section (σPC), calculated fraction
of open reaction centers (fRC), and photochemical yield Φ
Fl
PC for the lake and puddle models (Supplementary text). (A)
Photochemical cross-section (or average antenna size of a reaction center), σPC, as a function of fRC, the fraction of open
reaction centers used in simulations. The inset on the right panel zooms in on 0.8 < fRC < 1. (B) The calculated fraction
of open RCs (calculated fRC) plotted against the fraction of open reaction centers used in simulations (fRC). (C) The points
indicate photochemical yield calculated directly using the multiscale model (ΦdirPC) and the photochemical yield calculated for
the lake and puddle models (ΦFlPC) at a given excitation diffusion length (LD) as function of varying the fraction of open reaction
centers (fRC). The lines through the points were calculated using the quantitative relationship between the slopes of all such
calculated lines and the LD (Fig. S3). The green line (dashed and solid) in the inset shows the one-to-one relationship between
the so-called NPQ parameter (eq. 9, Methods), and the excitation diffusion length (LD). The black points indicate the measured
steady-state values of the NPQ parameter of several qE mutants at 1200 µmol photons m−2 s−1: L17, a PsbS overexpressor [9],
and npq1, lut2, and npq4, which are lacking zeaxanthin, lutein, and PsbS, respectively [34]. The solid parts of the line indicate
the range of excitation diffusion lengths determined by the PqE suggested from recent single-molecule measurements of LHCII
[29] (Supplementary text) and the τqE suggested from single molecule measurements of PSII supercomplexes [27] and modeling
of quenching at the Chl610-612 domain by lutein [30] (Supplementary text).
predicted by the lake and puddle models compared to
the multiscale model. We quantify the error in the pho-
tochemical yield extracted from chlorophyll fluorescence
(ΦFlPC, lake/puddle models result in the same photochem-
ical yields [14]) by comparing to the yield directly calcu-
lated from the multiscale model (ΦdirPC) (dots, Fig. 3C).
At a given excitation diffusion length, there is a linear re-
lationship between ΦFlPC and Φ
dir
PC (Φ
dir
PC = m(LD) · ΦFlPC)
calculated for a range of fraction open reaction centers.
The slope m(LD) decreases as the excitation diffusion
length (LD) decreases because a larger fraction of exci-
tations become inaccessible to any reaction center and
thus do not enter into the competition between produc-
tive photochemistry and loss pathways. Taken together,
neither the lake nor puddle model correctly determines
the photochemical yield of PSII (ΦPC) or the average
antenna size of a reaction center (σPC) from chlorophyll
fluorescence data across the physiological range of LDs,
but the lake model offers a reasonable estimate of the
fraction of open reaction centers (fRC).
Correcting the lake model to account for an excitation-
diffusion-length-dependent fraction of excitations that
are inaccessible to reaction centers substantially improves
the analysis of chlorophyll fluorescence measurements
and the description of PSII light harvesting for longer
length scale simulations of photosynthetic metabolism.
7Figure 4: Correcting the lake model for interpret-
ing chlorophyll fluorescence measurements and larger
scale metabolic simulations. The photochemical yield
(ΦPC) simulated using the lake (red dashed line), puddle (blue
dashed line), diffusion corrected lake (green solid line) and
multiscale model (black line) as a function of the fraction of
open reaction centers (fRC) calculated when excitation diffu-
sion length (LD) is 19 nm. The inset shows the same plot
when LD = 50 nm.
We fit m(LD) (slope of lines in Fig. 3C) and use it as a
lowest-order correction on the photochemical yield calcu-
lated using the lake/puddle models (ΦFlPC) to describe the
influence of a diffusion limited pool of excitations avail-
able to reaction centers (Fig. 3C, green lines). To apply
this correction in the context of a chlorophyll fluorescence
measurement, we first establish an estimate of excitation
diffusion length using the one-to-one relationship with
the so-called NPQ parameter (Fig. 3C, inset, Supplemen-
tary text) and then apply an LD-dependent correction
to ΦFlPC (Fig. S3, Supplementary text). This diffusion-
corrected lake model offers a substantially improved de-
scription of the relationship between the photochemical
yield and the fraction of open reaction centers (fRC)
across a range of excitation diffusion lengths, which is es-
sential for parameterizing higher scale metabolic models
(Fig. 4, green line). We note that the competition be-
tween reaction centers causes the hyperbolic dependence
of the photochemical yield on the fraction of of open reac-
tion centers and remains overestimated in the diffusion-
corrected lake model. Thus, while the diffusion-corrected
lake model is a significant improvement, continued effort
is needed to develop a coarse-grained model that also ac-
curately captures competition between reaction centers.
Discussion
There has been considerable debate regarding the site
and photophysical mechanism of qE in part because
of the potential higher scale consequences of these de-
tails. We have demonstrated that the influence of weak
quenchers on PSII light harvesting can be described by
a reduction in the excitation diffusion length (LD) and
does not depend on the specific site of quenching. Does
qE in fact occur in the weak quenching regime? Sin-
gle molecule measurements [27, 33] and semi-empirical
electronic structure calculations [30] suggest that the
timescale of quenching (τqE) is slow compared to the
timescale of transfer out of the relevant pigment domains,
but this is not conclusive. If in fact qE is in the strong
quenching regime, the diffusive picture established here
would not hold. It is of key importance, then, to de-
termine the photophysical mechanism of quenching and
quantitatively establish the timescale of quenching. Fur-
ther, the emergence of the excitation diffusion length as
the central parameter describing PSII light harvesting
highlights the need for an experimental determination of
this length scale using emerging techniques for spatially
resolved ultrafast spectroscopy [39, 40].
Constructing a rigorously coarse-grained model of PSII
light harvesting was infeasible in the absence of a struc-
tural understanding of the PSII antenna [38]. In this ab-
sence, the lake and puddle models have succeeded in effi-
ciently capturing the limiting cases of PSII light harvest-
ing in the presence of qE (Fig. 3A). Here we directly cal-
culate the photochemical cross-section (σPC, eq. 1), us-
ing a structure-based excitation transfer model founded
on recent developments in x-ray crystallography, ultra-
fast spectroscopy, and theory of open quantum systems.
We demonstrate that neither the lake nor the puddle
model correctly captures the influence of a variable exci-
tation diffusion length on PSII light harvesting (Fig. 3).
A simple correction for the excitation-diffusion-length-
dependent pool of available excitations is sufficient to
substantially improve (i) the calculation of the photo-
chemical yield (ΦPC) from variable chlorophyll fluores-
cence measurements at both the leaf [14] and ecosystem
[36] scales (Fig. 3C) and (ii) the accuracy of the relation-
ship between the fraction of open reaction centers (fRC)
and the photochemical yield (ΦPC) in the lake model for
higher order models of photosynthetic metabolism [37]
(Fig. 4). Applying this model to the microsecond rise ki-
netics of chlorophyll fluorescence could provide insight on
the importance of a variable excitation diffusion length
and might offer a new perspective of the underlying dy-
namics of the measurement [41].
As discussed above, deciphering the molecular mech-
anism of qE remains essential. The connection estab-
lished here from a nanoscale description of excitation
dissipation by qE (τqE, PqE) to a mesoscale descrip-
tion of excitation dynamics (LD) to an in-field assess-
ment of photoprotective capacity (NPQ parameter) acts
as a bridge for comparing measurements made at differ-
ent length scales and connecting in vitro measurements
on isolated complexes with in vivo measurements on in-
tact leaves. As a proof-of-concept, consider a first es-
timate of the probability of an activated qE quenching
site (PqE) of 0.3 from single-molecule measurements of
LHCII in conditions mimicking qE (Supplementary text)
[29] and a timescale of quenching (τqE) of ∼20-30 ps from
both single-molecule measurements of PSII supercom-
plexes [27] and semi-empirical electronic structure cal-
culations for the LHCII-610 site [30]. The solid line in
8Fig. 3, inset, indicates the range of excitation diffusion
lengths consistent with these estimates, while the dashed
line corresponds to excitation diffusion lengths that are
too short. The level of quenching observed in a mutant in
which PsbS is overexpressed (L17, Fig. 3 inset) exceeds
the in vitro bound, which we note is consistent with the
recent proposal that LHCII-610 and mLHC-610 quench-
ing sites act in tandem subject to separate regulatory
control [42].
Concluding Remarks
We have reduced the complexity of PSII light harvest-
ing in the presence of weak quenching, a very heteroge-
neous process composed of thousands of rate constants,
down to a single conceptually rich parameter, the ex-
citation diffusion length in the antenna (LD). We find
that in response to fluctuating light intensity qE acts as
a ‘tap’ that adjusts the flux of excitation to open reac-
tion centers (σPC) via the LD. This approach rigorously
links the nanoscopic dynamics occurring within pigment-
protein complexes to the mesoscopic dynamics of PSII
light harvesting that influence CO2 fixation yields in in-
tact leaves. Looking forward, we expect this framework
to offer a fertile avenue for resolving the qE mechanism
and parameterizing higher scale models of plant function.
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Overview of multiscale model
A model for PSII light harvesting that includes qE
quenching requires several components: i) a membrane
structure with pigment resolution, ii) a model for energy
transfer, iii) a model for electron transfer in the reaction
centers, and iv) a model for quenching. Combining these
components results in a rate matrix that contains all the
rates of transport and loss in the membrane [43]. We
described i)-iii) in detail in previous work [3, 4], and here
provide a brief description.
We generated membranes with different organizations
of PSII supercomplexes and LHCIIs using Monte Carlo
simulations of a 200 nm x 200 nm area containing coarse-
grained PSII supercomplex (pill) and LHCII particles
(circle) [22]. We superimposed the crystal structures of
the chlorophyll pigments of the C2S2 PSII supercomplex
[15] and LHCII [16] to establish the locations of all pig-
ments in the membrane. We assumed random orienta-
tions of the LHCIIs. The Monte Carlo simulations allow
for the energetic attachment of LHCIIs to the PSII super-
complexes in the location where the so-called ‘medium-
bound’ LHCIIs can bind, which results in the largest sta-
ble form of the PSII supercomplex in plants, the C2S2M2
supercomplex [44]. We have not included CP24, and the
minor complexes are modeled as LHCII monomers, since
the crystal structures of CP24 and CP26 are still lack-
ing. These approximations, which have been justified
earlier [3], have led to structure-based predictions of en-
ergy transfer that are consistent with data from isolated
PSII supercomplexes [3] and an intact thylakoid mem-
brane [4].
Excitation energy transport rates between domains
of strongly coupled chlorophyll (∼3-4 pigments in size)
were calculated using Generalized Fo¨rster theory assum-
ing that excitations thermalize within domains prior to
hopping between domains. A quantum-mechanically ex-
act calculation of energy transfer for a system of the size
of the thylakoid membrane (∼50,000 pigments) is cur-
rently infeasible. Computationally more tractable per-
turbative methods include modified Redfield theory, in
which interactions between electronic states and the vi-
brational modes of the system are perturbative, and Gen-
eralized Fo¨rster theory, in which the electronic coupling
between pigments is perturbative [17]. The pigment-
protein complexes that compose PSII do not lie on either
of these extremes, so Renger [45] and Novoderezhkin [46]
pioneered an approach in which pigments are grouped
into domains within which transport can be described by
Modified Redfield theory, and between which transport
is described by Generalized Fo¨rster theory [18, 19]. We
defined domains to maximize the separation of timescales
between intra- and inter-domain transfer [3]. We can as-
sume instantaneous equilibration within a domain with-
out loss of accuracy in our simulations; however, the do-
main picture is the most coarse-grained picture that re-
produces the dynamics of transport [3]. The domains
for a monomer of the LHCII trimer are color-coded in
the crystal structure in the main text (Fig. 1C, Energy
Transfer). The rate of transport between two domains,
a donor d and an acceptor a, is the Boltzmann-weighted
sum of the rates of transport between each pair of exci-
tons in the two domains (|M〉 and |N〉, respectively):
kdoma←d =
∑
|M〉∈d
|N〉∈a
kN←MP
(d)
M , (2)
where P
(d)
M =
e−EM/kBT∑
|M〉∈d e−EM/kBT
. The rate between two
excitons was calculated using Generalized Fo¨rster theory,
kN←M =
|VM,N |2
h¯2pi
∫ ∞
0
dtAN (t)F
∗
M (t), (3)
where |VM,N |2 is the electronic coupling between the two
excitons and
∫∞
0
dtAM (t)F
∗
N (t) is the overlap integral be-
tween the absorption of the acceptor and the fluorescence
of the donor. This model of excitation transport shows
good agreement with more exact methods for simulat-
ing the excitation population dynamics [20, 21]. Here
we inhomogeneously average the rates of transport be-
fore calculating the dynamics, which offers substantial
computational savings. This averaging does not substan-
tially affect excitation dynamics [4]. In this work we ad-
ditionally lowered any rate constants greater than 2 ps−1,
which arise due to imperfect overlay of the pigments on
the Monte Carlo simulations [4], to 2 ps−1. This temper-
ing does not influence the simulated photochemical yield
or fluorescence decay [4].
We modeled electron transfer using a simple phe-
nomenological kinetic model with three rate constants
that describe both reversible and irreversible charge sep-
arated states:
. (4)
Here, RC is the reaction center domain composed of the
6 pigments of the reaction center. The “radical pair”
states RP1 and RP2 and the rate constants kRC , kCS ,
and kirr are used to model the electron transfer steps in
the reaction center. RP1 and RP2 are non-emissive states
that do not necessarily have a direct physical analog with
charge-separated states in the reaction center. Rather,
this approach allows us to describe the overall process
of a reversible charge separation step followed by an ir-
reversible step and establish the approximate timescales
of these events relative to energy transfer in the light
harvesting antenna. The rates were previously parame-
terized using fluorescence decays of PSII supercomplexes
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of different sizes [47], with τCS = 0.64 ps, τRC = 160 ps,
and τirr = 520 ps (k = 1/τ) [3]. These same three param-
eters can fit data from PSII supercomplexes with a range
of antenna sizes [3] and the thylakoid membrane[4] with-
out any alteration or refitting (Fig. 2A, red lines, main
text). Closed RCs cannot perform irreversible charge sep-
aration, so kirr → 0 and only two kinetic rates are incor-
porated to describe a reversible charge separated state.
We determined τCS = 310 ps and τRC = 458 ps by fitting
to fluorescence decay data from leaves with closed RCs
[4] (Fig. 2A, black lines, main text).
We modeled qE by adding a 1st-order rate of quench-
ing at a qE site (domain) in activated antenna complexes.
Each protein housing a qE site can occupy two confor-
mational states, one inactive and one active, and it oc-
cupies the active state with probability PqE. This sim-
ple two-state switch is a simplification of the multiple
states observed in single-molecule data [29, 33]. In the
active state, there is a time scale of excitation dissipa-
tion, τqE = 1/kqE, from the qE site. This effectively
coarse-grains the photophysical mechanism of quenching,
of which several have been postulated [28, 48, 49], into a
single 1st order rate constant. In the main text we pri-
marily consider the Chl610-612 domain on LHCII as it
has proposed by multiple groups to be a site of quenching
[50]. We only allow unbound LHCII (circles in Fig. 1B of
main text) to quench excitation. However, the overall ef-
fect of weak quenching - that excitation visits on average
several active qE sites before being quenched (see below)
- means that this assumption does not effect any of the
main results. Moreover, we show in Fig. S2 that moving
the site of quenching to the proposed Chl601,608,609 do-
main in LHCII (LHCII-608) [33] or the Chl610-612 do-
main in the minor light harvesting complexes (mLHC-
610) [31, 32] does not change the behavior of quench-
ing described in the main text. Further, we have con-
sidered the role of membrane organization. There have
been reports of the segregation of PSII supercomplexes
and LHCII during qE [51, 52], though this is not estab-
lished. Fitting fluorescence lifetime data with quenching
on LHCII-610 in segregated membranes results in a sim-
ilar area of best-fit as for mixed membranes, but shifted
to the right (Fig. S1). Despite this similarity, the spa-
tial heterogeneity of quenchers means that the excitation
diffusion length by itself is insufficient as a simplifying
concept, and we do not pursue the coarse-graining of
quenching in segregated membranes here.
The overall picture of PSII light harvesting from our
model is as follows. The nodes of the energy transfer net-
work are domains of ∼3-4 tightly coupled chlorophylls.
At every domain, excitation can be transferred to nearby
domains or dissipated by fluorescence (τFl = 16 ns) or
non-radiative decay (τnr = 2 ns). Active qE quenching
domains have an additional pathway of dissipation with
a timescale τqE. The reaction center domains can addi-
tionally dissipate excitation by the final irreversible step
from the RP1 kinetic compartment to the RP2 compart-
ment.
Running simulations
The result of the model building in the previous sec-
tion is a ∼11000 x 11000 rate matrix (K) that describes
the total kinetic network of PSII light harvesting. We
use two simulation approaches. We use a finite difference
calculation of population dynamics to simulate fluores-
cence lifetime curves. We use Kinetic Monte Carlo to
calculate yields for the different decay pathways and the
excitation diffusion length scale. For simulations that in-
volve the presence of qE sites or fractionally open RCs,
we average between 10 and 50 different configurations of
qE quenchers and open RCs on the membrane, where in
each simulation the probability of a given quencher be-
ing active is PqE and the probability of a given RC being
open is fRC. In theory, the influence of closing one RC
modifies the probability that an adjacent RC is closed.
We have simulated this previously but found the effect
to be small enough that it is neglected here.
Simulating Fluorescence Lifetime Curves
In a master equation formalism, the time-dependence
of excitation population (P (t)) is determined entirely by
K:
P˙ (t) = KP (t). (5)
We calculated P (t) using the finite difference method
with a time-step of 10 fs which was found to be well con-
verged. P (0) in all cases was proportional to the number
of ChlA in the domain.
Monte Carlo Simulations
On a given membrane, a kinetic Monte Carlo scheme
was also used to determine the yields of the different
decay pathways using 5,000 trajectories with an initial
domain sampled with a probability proportional to the
number of ChlA in the domain. Kinetic Monte Carlo
was also used to calculate the diffusion length scale. In
this case, the simulation is done in two steps. First the
one-over-e time - the time at which the fraction of the un-
quenched excitation becomes equal to e−1 - is calculated.
Then the average absolute displacement from the initial
domain at the one-over-e time is calculated for 5,000 tra-
jectories. For LD calculations, the ChlA initial condition
is modified to only allow excitation starting in 40 nm x
40 nm patch at the center of the membrane to ensure
minimal effects from the boundaries of the membrane.
Calculation of chlorophyll fluorescence parameters
from simulations
The primary functional outputs of PSII - the yield
of photochemistry in the reaction centers, the extent of
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qE, and the fraction of open RCs are typically calcu-
lated from variable chlorophyll fluorescence yield (ΦFl,
see Fig. 1A, main text) measurements using the lake
and puddle models [7, 14, 53]. The relative changes in
ΦFl are typically measured using pulsed amplitude mod-
ulated (PAM) fluorescence. PAM fluorescence consists
of three light sources: a dim light for measuring chloro-
phyll fluorescence without perturbing PSII function, an
actinic light that mimics changes in natural sunlight in-
tensity and can (de)activate qE, and brief (<1 s) high
light pulses that close (saturate) all the reaction centers.
Prediction of various PSII outputs in the context of the
lake or puddle model follows from arranging chlorophyll
fluorescence responses to the actinic light and the sat-
urating flashes into equations. For a full discussion of
PAM fluorescence and how it is used to monitor PSII
function, please see refs. [7, 14]. Here, we simply list the
main chlorophyll fluorescence parameters with the state
of PSII they correspond to.
• Fm: ΦFl with no qE activated and all RCs closed
• Fm’: ΦFl with qE activated and all RCs closed
• Fs: ΦFl with qE activated and some fraction of
reaction centers open
• Fo’: ΦFl with qE activated and all reaction centers
open
Using our bottom-up multiscale model we can directly
calculate the photochemical yield (ΦdirPC) as a function of
arbitrary sites of qE, different (τqE, PqE) combinations,
and different fractions of open RCs (fRC). To compare
simulations using our model to the predictions of the
lake and puddle models, we calculated the chlorophyll
fluorescence parameters from PAM fluorescence listed
above from the corresponding fluorescence yields calcu-
lated with our simulations. ΦFl depends on the levels of
qE and the fraction of open RCs. In the main text, we
show that the level of qE is described by the excitation
diffusion length (LD) and the fraction of open RCs, fRC.
The LD is 50 nm with no qE active, and less than 50 nm
if any qE is active.
We calculated the fraction of open RCs predicted by
the lake (qL, red dots in Fig. 3B, main text) and puddle
(qP, blue dots in Fig. 3B, main text) models as follows:
qP =
Fm’− Fs
Fm’− Fo’ =
ΦFl(LD, fRC = 0)− ΦFl(LD, fRC)
ΦFl(LD, fRC = 0)− ΦFl(LD, fRC = 1)
(6)
qL = qP
Fo’
Fs
= qP
ΦFl(LD, fRC = 1)
ΦFl(LD, fRC)
(7)
We calculated photochemical yield as predicted by the
lake and puddle models (denoted ΦFlPC in the main text,
and typically denoted as ΦII [14]) as follows:
ΦFlPC(LD, fRC) =
ΦFl(LD, fRC = 0)− ΦFl(LD, fRC)
ΦFl(LD, fRC = 0)
ΦII =
Fm’− Fs
Fm’
(8)
Lastly, we calculated the NPQ parameter, which is
used to measured the extent of activation of any NPQ
mechanisms including qE, as follows:
NPQ(LD) =
ΦFl(LD = 50 nm, fRC = 0)− ΦFl(LD, fRC = 0)
ΦFl(LD, fRC = 0)
=
Fm− Fm’
Fm’
(9)
Fluorescence lifetime snapshot data analysis
Fluorescence lifetime snapshots were measured during
the application of a dark-light-dark actinic light sequence
on dark-adapted wild-type leaves of A. thaliana [26]. The
light period was 10 min, with an actinic light intensity of
1200 µmol photons m−2 s−1. The snapshots were taken
under light conditions in which the reaction centers were
closed. Each decay was fit to a sum of three exponential
decays, such that the sum of the amplitudes of each decay
was normalized to 1. The shortest decay had a time con-
stant that varied between 65 and 85 ps, the middle decay
had a time constant that varied between 480 and 1020
ps, and the longest decay had a time constant that var-
ied between 1.2 and 2.3 ns. The amplitude of the short-
est component before actinic light exposure was taken to
be the photosystem I (PSI) contribution to all decays.
At this time point we assumed no NPQ had turned on
and that the only contribution to the shortest lifetime
component was from PSI [54]. This PSI amplitude was
subtracted from the amplitude of shortest decay compo-
nent at all other time points, since we assume that the
PSI contribution to the lifetime does not change during
the actinic light sequence. The amplitudes at each time
point were then renormalized to sum to 1, resulting in the
PSII component of the fluorescence decay. Fig. 2A of the
main text indicates the average lifetime PSII component
of the fluorescence decay over the course of the the dark-
light-dark sequence. Fig. 2D of the main text (black line)
indicates the PSII component of the fluorescence decay
taken after 6.5 min of light exposure.
In Fig. S1B and Fig. S2A we determine combinations
of (τqE, PqE) that have a minimal error with the flu-
orescence decay indicated by the black line in Fig. 2D
of the Main Text. We calculated the error between our
simulation (Fmodel(t; fRC = 0, kqE, PqE)) and the data
(Fdata(t;T = 6.5 min)) using two methods. Combina-
tions deemed to agree with the data had an error be-
low thresholds for both methods. First, we calculated
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the amplitude weighted error, which is most sensitive to
agreement at short times t:
Amplitude Weighted Error =∑
t
Fdata(t;T = 6.5 min)(Fmodel(t; fRC = 0, τqE, PqE)−
Fdata(t;T = 6.5 min))
2. (10)
Second, we calculated the fluorescence yield ratio error
using the following equation:
Yield Ratio Error =
abs
(∑
t Fdata(t, T = 6.5 min)∑
t Fdata(t, T = −2 min)
−
ΦFl,model(fRC = 0, τqE, PqE)
ΦFl,model(Popen = 0, kqE = 1/τqE = 0)
)
. (11)
The areas indicated in Fig. S1B and Fig. S2A indicate
(τqE, PqE) combinations that predict a fluorescence decay
with an amplitude weighted error less than 0.30 and a
yield ratio error less than 0.15. Fmodel(t) and ΦFl,model
were calculated as described in ref. [3]. We calculated
the error for each combination of PqE = 0 : 0.05 : 1
and kqE = 1/τqE = 0 : 0.005 : 0.1 ps
−1 and interpolated
intermediate values.
Supplementary text
Weak quenching: evidence from single-molecule
measurements
We estimate the rate of quenching appropriate to each
proposed quenching site based on the observation of
excitation lifetimes in single-molecule measurements of
quenched supercomplexes [27]. Using Monte Carlo sim-
ulations where excitations instantaneously thermalized
within protein compartments (e.g. LHCII monomers or
minor light harvesting complexes CP26/CP29), Gruber
et al. isolated an effective quenching rate of 50 ps in
quenched antenna proteins [27]. Since excitations are as-
sumed to be in equilibrium within a protein compart-
ment, the specific identity of the quenching site (do-
main) will modify the underlying domain-level quench-
ing rate that matches this result - i.e. a domain that
is less populated at equilibrium will require a faster qE
quenching rate than its more populated counter part to
achieve the same effective quenching rate for the whole
protein compartment. Table S1 shows the extracted do-
main quenching rates that reproduce the Monte Carlo
protein rates at equilibrium for each of the quenching
sites considered here: the lowest-energy domain of LHCII
(Chl 610-612, LHCII-610), a ChlB containing domain in
LHCII (Chl 601-608-609, LHCII-608) [33], and Chl610-
612 domain in the the minor light harvesting complexes
τdomainqE (ps) τ
median
dwell (ps) f
median
qE f
min
qE f
max
qE
LHCII-610 21 2.7 0.11 0.01 0.17
LHCII-608 1.9 0.31 0.14 0.07 0.14
mLHC-610 21 2.2 0.10 0.01 0.16
Table S1: Quenching timescales matched against those ex-
tracted from single-molecule measurements (τdomainqE ) in ps,
the median dwell time for an excitation in the quenching do-
main (τmediandwell ) in ps, and the median, minimum, and maxi-
mum fraction of excitations that are dissipated on one visit
to an active quenching site (fmedianqE , f
min
qE , and f
max
qE respec-
tively).
(mLHC-610) [31, 32]. We note that the rate of quench-
ing extracted from the single-molecule evidence for the
LHCII-610 quenching site (≈ 20 ps) matches well with
semi-empirical calculations of quenching in the LHCII-
610 domain by transport to the adjacent lutein (τqE ≈ 30
ps) [30].
In a diffusive picture, quenching can occur in two lim-
its: weak quenching occurs when the fraction of excita-
tion quenched on each visit to a quenching (fqE) is  1
and strong quenching when fqE ≈ 1. Weak quenchers
modify diffusive transport by decreasing the diffusion
length scale of an excitation in the membrsne. We calcu-
late fqE as
fqE =
τ−1qE
τ−1qE + τ
−1
dwell
, (12)
where τqE is the timescale of quenching from an active
qE site, and τdwell is the dwell time of an excitation at
the quenching domain. τdwell is simply the inverse of the
sum of all rates out of the quenching domain.
For all proposed quenching sites the value of fqE using
the τdomainqE extracted from the single-molecule estimates
is approximately 0.1 and, therefore, firmly in the weak
quenching regime. In the main text and the following, we
scan τqE between 10 ps and 100 ps to explore any depen-
dence on the specific quenching rate. This range of rates
is in keeping with the weak quenching dynamics for all
of the proposed quenching sites. A faster rate of quench-
ing could be explored from the LHCII-608 site, though
as described in the main text and below, this will not
shift the functional behavior which for weak quenchers is
determined entirely by the excitation diffusion length.
Weak quenchers in the presence of open reaction
centers
A spatially uniform distribution of weak quenchers in
the presence of open reaction centers (RCs), which be-
have as strong quenchers, can be summarized by the ex-
citation diffusion length through the antenna. For both
LHCII-610 and LHCII-608, the spatial distribution of
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quenchers is uncorrelated with open RCs and homoge-
neously distributed over the PSII enriched portion of the
thylakoid membrane. Fig. S2E shows that at a fixed ex-
citation diffusion length (LD) the photochemical yield
as a function of the fraction of open RCs is identical for
LHCII-610 (blue solid line) and LHCII-608 (green dashed
line). At low fraction of open RCs, mLHC-610 (purple
dashed line) also shows identical behavior but deviates
slightly with increasing fraction of open RCs. Unlike
LHCII-610 and LHCII-608, mLHC-610 arises only in the
PSII supercomplexes and therefore co-localizes with RCs.
At low fraction of open RCs, this results in only a weak
correlation because most mLHC-610 sites will co-localize
with closed RCs leading to an effectively uncorrelated
spatial distribution of quenchers and open RCs. With
the fraction of open reaction centers equal to 1, how-
ever, every mLHC-610 site is co-localized with an open
RC. Since RCs act as strong quenchers and qE sites
are weak quenchers, the resulting competition between
quenchers is slightly more favorable for open RCs, lead-
ing to the approximate 10% increase in photochemical
yield for mLHC-610 quenching sites.
Photochemical cross-section
We define the photochemical cross-section (σPC, or av-
erage antenna size for a given reaction center), as
σPC =
ΦPC
fRC
NChlA
NRC
, (13)
where ΦPC is the photochemical yield, fRC is the frac-
tion of open RCs, NChlA is the number of ChlA in the
membrane, and NRC is the number of RCs in the mem-
brane. The antenna increase the effective absorption
cross-section of a reaction center by being able to har-
vest sunlight and transport it efficiently to a reaction
center. σPC is the portion of the total absorption cross-
section that contributes to productive charge separation
at one RC in units of ChlA cross-section. Viewed another
way, each ChlA contributes some fraction of excitation to
charge separation at a given reaction center. ChlA closer
to a reaction center will contribute more, while those far-
ther away will contribute less. σPC is simply the sum over
all such contributions for a given reaction center.
It is informative to consider the values of σPC in differ-
ent limits. In the absence of antenna σPC is simply the
number of pigments in the RC domain (i.e. six). When a
single RC is open in an intact membrane, σPC decreases
from 545 to 115 as LD decreases from 50 nm to 25 nm.
As the fraction of open RCs (fRC) increases there is ad-
ditional competition between open RCs that are within
∼ 1 LD (excitation diffusion length) of each other. σPC
implicitly incorporates the finite diffusion length and the
resulting competition between open RCs and quenching
pathways. It these spatial effects of diffusion on compe-
tition that could not be taken into account with previous
definitions of cross-section developed prior to a structural
understanding of the PSII membrane (e.g., [55]).
The usefulness of σPC is particularly salient in context
of quantitatively differentiating the lake and the pud-
dle models. We use the definitions for ΦPC described in
ref. [14]. In the lake model,
σPC =
(
kPC
kFl + knr + kqE + fRCkPC
)
NChlA
NRC
, (14)
where kPC, kfl, knr, and kqE are effective rate constants
for photochemistry, fluorescence, non-radiative decay,
and qE quenching, respectively. Here, because of perfect
competition between open RCs, σPC goes as ∼1/fRC, as
seen in Fig. 3A of the main text. On the other hand, in
the puddle model,
σPC =
(
kPC
kFl + knr + kqE + kPC
)
NChlA
NRC
, (15)
which means that there is no dependence of σPC on fRC,
as would be expected in a model without competition
between open RCs.
Probability of the quenched conformation: evidence
from single molecule data
Kruger, et al., measured the chlorophyll fluorescence
of isolated LHCII trimers in a variety of qE mimicking
conditions [29]. Based on the distribution of chlorophyll
fluorescence intensities observed in each condition, the
authors assigned a percentage time the complexes spent
in a quenched state. The highest observed such percent-
age was ∼30%. We have defined the percentage of active
quenching sites in our model as the fraction of LHCII
monomers with a quenching site (PqE). In a quenched
trimer, 1, 2, or 3 monomers may be quenched, as LHCII
is composed of different homologs [56]. Thus, the upper
bound for PqE from the single molecule data is 30%. The
solid grey line in Fig. 4, inset, in the main text indicates
the range PqE < 30%. Our interpretation is merely a
proof of concept of how single molecule data might be
related to the quenching measured on intact leaves. A
more detailed analysis of the single molecule data is re-
quired for a more precise interpretation in the context of
our model.
Simple correction to lake/puddle model prediction
for photochemical yield
In the main text, we outline a strategy to simply cor-
rect the photochemical yield predicted by the lake and
puddle models, ΦFlPC, using only the additional measure-
ment of the NPQ parameter (Eq. 9). We fit a sum of
two exponentials to map the one-to-one relationship be-
tween the LD and the NPQ parameter (Fig. S3A). As
noted in the main text, the slope (m) of the line that
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describes the correspondence between ΦFlPC and Φ
dir
PC, the
photochemical yield calculated directly using our model,
(ΦdirPC = m(LD) · ΦFlPC) has a one-to-one correspondence
with the LD. We fit a mono-exponential rise to map this
one-to-one relationship (Fig. S3B). Thus, the measure-
ment of the NPQ parameter gives a measure of the LD,
which then gives a measure for the correction factor (m)
for ΦFlPC.
The method in steps:
1. Measure ΦFlPC (ΦII) and NPQ parameter using PAM
fluorescence
2. Calculate LD from NPQ parameter using equation
at bottom of Fig. S3A
3. Calculate m from LD equation at bottom of
Fig. S3B
4. Calculate ΦFlPC by multiplying m and Φ
Fl
PC
It is important to note that the results in Fig. S3 rep-
resent a numeric interpolation and as such cannot be
trusted outside of the range simulated data range (NPQ
parameter = 0-9 and
LD = 50-15 nm).
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Figure S1: Multiple (τqE, PqE) combinations that are consistent with fluorescence lifetime data for a spatially
heterogeneous distributions of active qE sites. (A) Example of a membrane in which the LHCIIs and the PSII su-
percomplexes are spatially segregated, with all reaction centers closed (black filled circles) [4]. The quenching site is 610-612
domain of LHCII, and activated sites are shown as filled blue dots. (B) The (τqE, PqE) combinations that are consistent with
the fluorescence lifetime data (see Methods, Fluorescence lifetime snapshot data analysis for how this was determined) shown
in Main Text, Fig. 2D, black line. The fluorescence decay indicated by the solid blue line in Fig. 2D of the main text is for
the τqE, PqE combination shown with a star. Segregation of active quenching sites (light blue) shifts such combinations to the
right compared to the mixed case (blue) because of less effective quenching of excitation initiated in the PSII supercomplexes.
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Figure S2: The excitation diffusion length (LD) determines PSII light harvesting function regardless of the
proposed site of quenching. (A) The (τqE, PqE) combinations that are consistent with the fluorescence lifetime data
(Main Text, Fig. 2D, black line; see Methods, Fluorescence lifetime snapshot data analysis for how this was determined) also
have an LD of 25 ± 1 nm independent of the proposed sites of qE. Such combinations for the minor light harvesting complex
Chl610-612 (mLHC-610) site (light purple) are shifted to the right relative to those for LHCII-610 (blue) because there are
fewer mLHCII-610 sites in the membrane. Only one (τqE, PqE) combination for the LHCII Chl601,608,609 domain (LHCII-608,
light blue green) has an LD of 25± 1 nm because it contains ChlB and has a higher effective free energy than Chl610-612. (B)
The fluorescence decays of the points indicated by squares in (A). The colors are consistent with the legend in (A). (C) The
fluorescence decays of the points the blue area in (A). (D) Quenching yield (ΦqE) as a function of PqE for τqE values ranging
from 10 ps to 100 ps. The white squares indicate the calculated points with an LD of 25± 2.5 nm. The blue region indicates
ΦqE = 0.73 ± 0.05. (E) The photochemical yield (ΦPC) as a function of the fraction of open RCs (fRC) for the three sites
with the qE state indicated by the squares in (A). The LHCII-610 site is indicated by the solid line, while the LHCII-608 and
mLHC-610 sites are indicated by dotted lines with all three colors indicated in the legend of (A).
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Figure S3: Equations for correcting lake/puddle estimation of photochemical yield. (A) As outlined in the Supple-
mentary Text, a simple correction for ΦFlPC (ΦII) begins by measuring the NPQ parameter. The LD can be predicted using the
bi-exponential decay indicated, which was fit to the points in the plot. (B) The LD then directly maps to the correction factor
(m) using the mono-exponential shown, which was fit to the points in the plot. ΦdirPC, the photochemical yield predicted from
our model, is simply m · ΦFlPC.
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